The Notch pathway regulates the differentiation of many cell types throughout development of higher metazoa. Different cellular responses are elicited through specific activation of distinct Notch target genes. In the Drosophila wing, for example, the cut gene is activated by Notch signaling along the dorso-ventral boundary but, as we show here, not in other cell types. We identify additional regulatory components, scalloped and strawberry notch, that are targets of the Notch pathway specifically within the wing anlagen. As suggested by physical interactions, these proteins could be co-factors of the cut trans-regulator Vestigial. Additional regulatory input comes from the Wingless pathway. Our data support a model, whereby context specific involvement of distinct co-regulators modulates Notch target gene activation. q
Introduction
Development and patterning of the adult Drosophila wing is a well organized process which has to be strictly coordinated in a temporal and tissue specific manner (overview in Neumann and Cohen, 1997) . Wing identity is obtained through the activity of the vestigial (vg) gene product (Cohen, 1996) , whereas positional information is determined by segmentation genes like engrailed (en) and morphogenetic factors like wingless (wg) and decapentaplegic (dpp). The antero-posterior (A/P) compartment border is established during embryogenesis, whereas the dorso-ventral (D/V) boundary is set up later during the second larval instar. Both represent important organizing centers during metamorphosis (reviewed in Blair, 1995; Neumann and Cohen, 1997) .
Establishment of the D/V boundary depends on local activation of the Notch signaling pathway (Fig. 1A ). An asymmetric expression of the LIM homeobox-gene apterous (ap) within the dorsal compartment results in the expression of Fringe (Fng) within dorsal cells. Fng restricts the activity of the Notch ligand Serrate (Ser) to the dorsal compartment, thereby allowing the other Notch ligand Delta (Dl) to signal within ventral compartment cells (Panin et al., 1997; Milan and Cohen, 1999) . As a consequence, the trans-membrane receptor Notch is specifically activated along the D/V boundary (de Celis and Bray, 1997) . This causes the induction of Wg and subsequently the organized outgrowth of the wing pouch (Diaz-Benjumena and Cohen, 1995) . Overexpression of the intracellular domain of Notch (N act ) which represents a constitutively activated form of the receptor, shows that the Notch signal is sufficient to elicit activation of Wg and cellular proliferation (Rulifson and Blair, 1995; Neumann and Cohen, 1996; Micchelli et al., 1997) .
The gene vg which specifies wing identity, is also under the regulatory control of the Notch signaling pathway (Williams et al., 1994) . Transcription of the vg gene within the wing imaginal disc is driven by two different enhancers, the boundary enhancer along the D/V boundary, and the quadrant enhancer within the blade region . The boundary enhancer is activated and the quadrant enhancer is repressed through Notch signaling (Klein and Martinez-Ariaz, 1999 ). The current model is that the Notch receptor is internally cleaved upon activation and that the intracellular domain together with the DNA binding protein Suppressor of Hairless (Su(H)) activates Notch target genes (for review, see Artavanis-Tsakonas et al., 1999) . Binding sites for Su(H) have been identified within the vg enhancer elements so that regulation via Su(H) appears to be direct (Williams et al., 1994) . In accordance with this, we and others have found that overexpression of Su(H) is sufficient for the activation of the vg boundary enhancer and the repression of the vg quadrant enhancer (data not shown; Klein et al., 2000; Furriols and Bray, 2000) .
The D/V boundary is further destined to become the future margin of the wing through the activity of the homeodomain transcription factor Cut (Ct) (Jack et al., 1991; Blochlinger et al., 1993) . Loss of cut (ct) gene function results in wings with deep incisions in the margin (Jack et al., 1991) . In agreement with nicked wings obtained through reduction of Notch gene doses, Notch is needed for the activation of ct. Whereas Notch clones show a loss of ct, vg and wg expression, overexpression of N act in the wing disc can induce expression of all three genes ( Fig. 1B; de Celis et al., 1996; Neumann and Cohen, 1996; Kim et al., 1996) . Therefore, Notch signaling appears to be central for the establishment of the D/V boundary and the wing margin alike. Apparently, Su(H) is involved in mediating Notch activity during wing margin formation as Su(H) mutant cell clones crossing the D/V border cause profound scalloping of the wing (Neumann and Cohen, 1996) .
Despite the wealth of information gathered in recent years, many questions concerning the regulation of ct downstream of Notch signaling are still unresolved. Similar to wg, Su(H) is necessary but not sufficient to induce ct expression at the wing margin (Morcillo et al., 1996; Furriols and Bray, 2000; Klein et al., 2000 ; our own data). However, as we show here, a combination of the two is. We have identified scalloped (sd) and strawberry notch (sno) as further Notch target genes within the wing anlagen. As suggested by molecular interactions, the activation of ct along the wing margin might be mediated by a multiprotein complex which involves, amongst others factors, Vg, Sd, Sno and presumably downstream components of Wg signaling as well. This mechanism of gene regulation appears to be restricted to wing development: neither ct expression within cells of the peripheral nervous system of imaginal tissues or embryos nor expression of sd or sno during embryogenesis are dependent on Su(H) and Notch. Overall, these data support a model whereby Su(H) mediated gene regulation is modulated by a variety of positive and/or negative factors depending on the respective context during Drosophila development.
Results

Differential requirement for Su(H) in the regulation of Notch target genes during wing development
Expression of ct in the wing disc is under the control of Notch signaling and can be induced in the presumptive wing pouch by localized ectopic expression of an activated form of the Notch receptor (N act ) or of Suppressor of Hairless (Su(H)-VP16) (Fig. 1B,C) (de Celis et al., 1996; Neumann and Cohen, 1996; Kidd et al., 1999; Klein et al., 2000) . Surprisingly, ct expression cannot be induced by a likewise over-expression of Su(H) alone (Fig. 1D) (Klein et al., 2000) although it is dependent on Su(H) judged by the fact that overexpression of the antagonist Hairless (H) causes specifically loss of ct expression (Fig. 1E, arrow) . Instead, Su(H) causes a slight repression of ct within the coexpression domain in agreement with the postulated role as transcriptional repressor (Fig. 1D, arrow) (Bray and Furriols, 2001; Klein et al., 2000; Morel and Schweisguth, 2000; Morel et al., 2001) . We conclude that Su(H) is required but not sufficient to drive ct expression along the D/V boundary (see also Klein et al., 2000) .
Recent evidence is mounting that Su(H) acts as repressor of certain Notch-target genes by serving as platform for corepressors and only becomes an activator when binding to N act perhaps modulated by additional transcription factors (Morel and Schweisguth, 2000; Bray and Furriols, 2001; Morel et al., 2001) . Our experiments confirm publications of other groups that Wg expression along the D/V boundary is not altered by overexpression of either Su(H) or H, nor by loss of H in mutant discs (data not shown; Furriols and Bray, 2000; Klein et al., 2000) . In exceptional cases, Su(H) alone is able to elicit target gene response independent of N act as described above for vg (Klein et al., 2000) . Further morphological responses mediated by Su(H) overexpression are outgrowth of the wing blade (Fig. 1F) or extinction of wing veins (Fig. 1G) , which are characteristic of Notch receptor activation within these territories (de Celis et al., 1996; Huppert et al., 1997) .
Regulation of ct expression is mediated in parallel by Su(H) and Wg
The work by Neumann and Cohen (1996) has shown that Wg, although required, is not sufficient to induce ct expression along the wing margin (see also Fig. 2B ). Furthermore, the role of Wg in the process of ct expression appears to be indirect (Micchelli et al., 1997) . Thus, Wg induction along the D/V boundary resultant from N act is not the primary signal for ct expression. As outlined above, ectopic expression of Su(H) is not sufficient to induce either ct (Figs. 1D and 2A) or wg (not shown) (Klein et al., 2000) . Since the activity of both genes is, however, an essential pre-requisite for the formation of the wing margin we wondered, whether a combined overexpression of Wg plus Su(H) can phenocopy N act . As shown in Fig. 2C , recombinants carrying both expression constructs indeed reveal strong ct activation within the area of overexpression. Because this combination is barely viable, we were restricted in the use of driver lines: only with Bx MS1096 which drives expression within the presumptive wing blade with markedly higher levels in the dorsal compartment (Fig. 2C, arrow; Capdevila and Guerrero, 1994) , a sufficient number of animals could be retrieved for this analysis.
scalloped and strawberry Notch are targets of notch signaling
In an attempt to further elucidate the role of Notch signaling in the regulation of ct along the presumptive wing margin and identify additional possible regulators, we turned our interest towards scalloped (sd) and strawberry notch (sno). Mutants in sd show wing margin defects up to a complete loss of the wing (Campbell et al., 1992) . The gene is expressed in the wing pouch (Campbell et al., 1992 ) (see also Fig. 3A ,G) and encodes a transcriptional regulator with TEA-DNA binding motif that binds specifically to the ct wing margin enhancer (Campbell et al., 1992; Morcillo et al., 1996; Guss et al., 2001 ). Thus, Sd might be involved in Notch signal transduction along the D/V boundary. As shown in Fig. 3 , overexpression of N act or Su(H) induces sd mRNA transcription indicating that sd is a Notch target gene (Fig. 3B,C) , very much like vg (Fig. 3F) . Accordingly, reduction of Su(H) activity either in mutants (Fig. 3H,I ) or by overexpression of H (Fig. 3D ) results in a repression of sd transcription. Thus, sd belongs together with vg to those Notch target genes where the overexpression of Su(H) alone is sufficient for transcriptional activation. Overexpression of Wg has no effect on sd expression (Fig. 3E ) suggesting that sd is expressed immediately in response to the Notch signal and that this step is important for the activation of ct along the future wing margin.
Identified as positive mediator of Notch signaling, strawberry notch (sno) is involved in inductive processes during wing margin development (Majumdar et al., 1997) . Accordingly, mutant flies develop strongly incised wings and show a substantial reduction of wg, ct and vg expression along the wing margin (Majumdar et al., 1997) . Sno protein is present at low levels all over the wing discs (Majumdar et al., 1997) . In agreement, we find sno transcripts to accumulate in the entire wing disc with higher levels in the presumptive pleural region (Fig. 4A) . Overexpression of N act ( Fig. 4B ) as well as of Su(H) (Fig. 4C ) strongly induces sno transcription, whereas in Su(H) mutant animals sno expression is specifically reduced within the presumptive wing blade (Fig. 4E) . These results strongly suggests that sno is a target of Su(H) mediated Notch signaling. Mis-expression of H has no influence on Sno expression (not shown), and also ectopic expression of Wg does not induce sno transcription (Fig. 4D) .
Protein-protein interactions suggest the formation of a multi-protein activation complex
The current model proposes that the ct wing margin enhancer is bound by Sd protein which in turn physically interacts with Vg protein to synergistically drive ct expression (Simmonds et al., 1998; Halder et al., 1998) . Since Sno is a nuclear protein as well (Majumdar et al., 1997) , we tested the hypothesis, whether it is part of the activator complex by studying its ability to bind to the respective components in vitro. Indeed, using the yeast two-hybrid system, we find physical interaction between Sno and Vg which is nearly as strong as the Sd-Vg interaction (see Fig.  5A ,B). This suggests that Sno is a component of a multiprotein complex involving Sd and Vg. The LexA-Vgconstruct, but not B42-Vg, shows remarkable self-activation when co-transfected with empty vector as control (Fig.  5A ,B and data not shown) which is in accordance with the proposition that Vg acts as a transcriptional activator (Halder et al., 1998) . No other interactions of either Sd, Sno or Vg were noted with Su(H), H or Notch proteins (data not shown, see Section 4.3 for tested constructs). In order to investigate whether the observed protein interactions are meaningful in vivo, we performed co-immunoprecipitation experiments on cell extracts derived from wing imaginal discs. As shown in Fig. 5C , we were able to coprecipitate Vg protein together with Sno and vice versa confirming the yeast two-hybrid data.
Notch target gene regulation is context dependent
The apparent complex regulation of wing margin specific genes by Notch signaling raises the question whether this is a tissue specific peculiarity or whether it occurs likewise at other stages of development. We have analyzed the accumulation of Ct and Wg protein and of sno and sd transcripts during embryogenesis. As shown in Fig. 6A ,B, segmental overexpression of the activated Su(H)-VP16 construct did not induce ectopically either Ct or Wg. On the contrary, Ct expression within the embryonic peripheral nervous system is decreased (Fig. 6A) , presumably due to a loss of neuronal precursor cells as a result of enhanced lateral inhibition. Wg expression along the segment borders is unchanged (Fig.  6B) . The ectopic expression of N act in a pair-rule-pattern in the embryo using the prd-Gal4 driver line did not change gene expression patterns of either wg, sd or sno (not shown). Moreover, in the absence of Su(H) in embryos derived from germ line clones, both sno (Fig. 6D,F) and sd (Fig. 6E,G) transcription appears largely normal. Distortions of the expression patterns can be attributed to the hypertrophic nervous system in the mutants. During imaginal development, Ct expression in the peripheral nervous system, e.g. in cells contributing to the dorsal radius on the wing-hinge was not influenced by loss of Su(H) (Fig. 6C) .
These results suggest that a number of genes might be targets of the Notch signaling pathway in some tissues but not in others suggesting that regulation of these genes by Notch is strictly context dependent.
Discussion
Bifurcation of the Notch signaling pathway underlies cut activation
Our data show that the complex regulation of ct along the D/V boundary is based on a bifurcation of the Notch signaling pathway (Fig. 6H) . Most signals from the Notch pathway are mediated by Su(H), which seems to act as a repressor on its own that is converted to an activator by N act (Klein et al., 2000; Bray and Furriols, 2001 ; Fig. 1C,D) . As Su(H) has the capacity to bind directly to the ct wing margin enhancer (Guss et al., 2001) , the repression of ct by Su(H) and the activation by N act /Su(H) might be direct. However, although sufficient for the activation of ct along the D/V boundary, a number of additional factors downstream of N act are required (Fig. 6H) . These include the products of wing fate selector genes vg and sd, that seem to be, together with Sno, part of a multi-factor trans-activation complex which binds to the ct wing margin enhancer. Thereby, Sd binds directly to the ct promoter, presumably recruiting the other factors by protein-protein interactions (Guss et al., 2001 ). In agreement with this hypothesis, we observe respective physical interactions between Vg and Sd or Sno (Figs. 5 and 6H ). However, all three genes are targets of the Notch signaling pathway and are activated upon the overexpression of Su(H) specifically within presumptive wing tissue ( Figs. 3 and 4 ; Kim et al., 1998) . We note that activation of Vg is also observed also within the wing pouch (Fig.   3F ), although Su(H) acts as a repressor on the vg quadrant enhancer (Klein and Martinez-Arias, 1999 ; our own observations), indicating that the isolated enhancer elements reveal only a subset of the normal pattern and might contribute differently in a wild type context.
As shown by Guss et al. (2001) , a combination of Sd and Su(H) binding sites is sufficient to drive expression along the D/V boundary within the wing anlagen. Our work indicates that this synthetic enhancer is too simplified to faithfully model ct regulation. As the overexpression of Su(H) effects the accumulation of all the important trans-activator components, Vg, Sd, Sno and Su(H) itself, ct expression would be expected (Fig. 6H) . Instead, we observe repression of ct which might be due to a lack of N act as co-activator of Su(H). However, repression can be overcome by concurrent expression of Wg resulting in strong ct activation (Fig. 2) . We conclude that factors downstream of the Wg signaling cascade are able to convert Su(H) from a repressor to an activator, maybe by supplying a respective co-activator or by a cooperative combinatorial activity, e.g. together with the Wg signaling mediator dTCF (Fig. 6H ), in accordance with a presumptive dTCF binding site within the ct wing margin enhancer (not shown). The signaling events outlined in Fig. 6H appear to be unique to the activation of ct along the D/V boundary of the wing disc. Another important role of ct is the specification of external sensory organ cells during embryogenesis and imaginal development alike (Blochlinger et al., 1993) . Although Notch signaling is essential for setting up the correct number of neuronal cells in the peripheral nervous system by lateral specification (reviewed in ArtavanisTsakonas et al., 1999 ), it appears not to be involved in the transcriptional activation of ct within these cells. The complex mechanism of ct trans-activation from the wing margin enhancer is, therefore, not a general paradigm for ct gene regulation. Moreover, neither wg, sd nor sno are under the direct regulatory influence of the Notch pathway in various embryonic tissues suggesting that this remarkably complex control is strictly tissue specific.
Context dependent activity of the Notch signaling pathway
Notch signaling is required throughout development for a large variety of different developmental processes confirmed by the pronounced pleiotropy of Notch mutations (for review, see Artavanis-Tsakonas et al., 1999) . Apparently, Notch controls the differentiation of individual cells, but the outcome is strictly context dependent. This local action of Notch has been phrased 'fine tuning of pattern formation' and classified as 'toporhythmic' by Artavanis-Tsakonas (1988) . Indeed, it is a general feature of known morphogenetic signaling cascades of Drosophila like Wg-, Hh-or Dpp-pathways that they are reused several times during development giving rise to a large variety of patterns. The tissue specificity which is so characteristic for these pathways is achieved in many instances by the involvement of different co-factors. For example, graded Wg signaling in the embryonic epidermis causes differential response in the activation of either shaven baby or engrailed by respective negative and positive co-factors working in conjunction with the general regulators Armadillo and dTCF (Bejsovec, 1999) . In the wing imaginal disc, gene expression is limited to the wing pouch by the activity of Vg plus Sd which act as tissue specific co-activators of signaling proteins mediating morphogenetic signaling inputs (Guss et al., 2001) . For example, vg expression along the D/V boundary is regulated by the combined activity of Su(H) and Vg/Sd on the vg boundary enhancer, whereas the quadrant enhancer is targeted by the Dpp signaling pathway. Accordingly, vg expression can be switched from the D/V to the A/P axis by exchanging the cis-regulatory sequences from Su(H) to Ci binding sites, the latter mediating Hh signaling (Halder et al., 1998) . Thus, Vg and Sd act as wing fate selector genes and constrain the activity of the different signaling pathways by acting as co-regulators (Guss et al., 2001) .
Our data confirm and extend the model of context dependent activity of Notch signaling towards the regulation of ct expression along the presumptive wing margin. The regulation of ct requires the combined input of components downstream of Su(H) and Wg, including Vg, Sd and Please note that Sno only binds to Vg, whereas Vg binds very strongly to Sd and somewhat weaker to Sno. Strong trans-activating activity of LexAVg alone is revealed by the control experiment (mock: empty B42-vector). In the reverse experiment, B42-Vg tested with a control LexA-construct, no interaction was observed. (B) Quantitative levels of the interaction are shown in Miller units. This allows to distinguish true interactions from self-activation of Vg alone by the increased enzyme activity. (C) Immuno-precipitations on protein extracts from wing discs were performed using either anti-Sno antibodies (IPsno, lane 1), anti-Vg antibodies (IPvg, lane 3) or an unrelated antibody for control (IPc, lane 4). Co-precipitated Vg (full arrow) and Sno (open arrow) proteins were detected on Western blots using anti-Vg (a-Vg) and anti-Sno (a-Sno) antibodies, respectively, as indicated below the lanes. Compare with whole embryonic extracts (WT, lane 2) where Sno protein runs with an apparent molecular weight larger than 150 kDa close to the predicted size of 170 kDa (Majumdar et al., 1997) and Vg protein with an apparent molecular weight of nearly 50 kDa close to the predicted size of 46 kDa (Williams et al., 1994) . In the control experiment (lane 4), anti-Vg and anti-Sno antibodies did not detect any proteins in the precipitate. Please note that immuno-globulin (Ig) is detected as well (small arrow). SF8 derived from germ line clones show normal level of sno transcription (blue) most notably within the nervous system (brain, arrowhead; ventral chord, arrow) . Disturbance of the pattern is due to neural hypertrophy. (E) Similarly, transcription of sd (blue) in the brain (arrowhead) and ventral chord (arrow) seems largely normal in Su(H) SF8 mutant embryos derived from germ line clones. Due to the neurogenic phenotype, the pattern is abnormal. Note for example that the yolk is pushed through the nerve chord due to the lack of ventral epidermis (asterisk). (F) Expression of sno in the wild type embryo is largely ubiquitous and accumulates to higher levels within the nervous system (brain, arrowhead; ventral chord, arrow) . (G) In wild type embryos, sd transcripts accumulate mostly within the nervous system (brain, arrowhead; ventral chord, arrow) and the midgut. (H) Model for the activation of the ct wing margin enhancer. The Notch signaling pathway bifurcates, one route going via Su(H) through wing fate selector genes, the other involving the Wg pathway. Activated Notch (N act ) together with Su(H) induces the expression of vg, sd and sno along the A/P boundary. Thereby, Sno may become part of the Sd-Vg trans-activation complex. In combination, maybe together with N act /Su(H), these factors activate the ct wing margin enhancer, yet involving additional components derived from the Wg signaling pathway, for example, activated dTCF and its co-activator Armadillo (Arm).
Sno. The latter three components have the potential to form a multi-protein complex (see Figs. 5 and 6H) which seems to be a pre-requisite for the trans-activation of the ct wing margin enhancer. Whether Su(H) is part of this specific complex or other, similar complexes has to be elucidated in the future. Although we have no indications for direct interactions between Su(H) and Sd, Vg or Sno (Fig. 5A,B) , Su(H) has the capacity to bind to the ct wing margin enhancer and act in a combinatorial manner together with the Sd/Vg/Sno transactivation complex (Guss et al., 2001) and components of the Wg pathway (Fig. 6H) . Presumably, in many instances of Notch signaling, where Su(H) acts as DNA-binding molecule and signal transducer, a number of additional positive or negative co-regulators confers tissue and cell specificity. Therefore, the identification of corresponding factors should help to further our understanding of the context dependent outcome of Notch signaling events.
Experimental procedures
Fly work
Mutant alleles and Gal4-driver lines are described in http://flybase.bio.indiana.edu:82/. Ectopic expression was driven in wing imaginal discs along the A/P axis using ptc 559.1 -Gal4, within the dorsal or posterior compartment using ap md544 -Gal4 or en-Gal4, and within the wing blade using Bx MS1096 -Gal4. This variety was necessary because strong driver lines cause early larval lethality with many of the UAS-constructs used whereas strong expression was desirable in instances of weak effects. Striped expression in the embryo was achieved with the prd RG1 -Gal4 line. Both vg BE-lacZ and QE-lacZ lines were kindly provided by S. Carroll (Kim et al., 1996) and sd-lacZ by S. Campbell (Campbell et al., 1992) . The UAS-Su(H) line is described in Nagel et al. (2000) and the UAS-H line (UAS-H [5] [6] [7] [8] ) in Maier et al. (1999) . The UAS-Su(H)-VP16 line was kindly provided by T. Lieber (Kidd et al., 1999) , UAS-N act by C. Delidakis (de Celis and Bray, 1997) and UAS-wg by S. Cohen (Lawrence et al., 1995) . For the combined over-expression of Wg and Su(H), the two UAS lines were recombined and successful recombination verified by antibody staining and polymerase chain reaction (PCR) analysis, respectively. Only a small selection of drivers with late and/or weak expression could be used for overexpression of either N act , Su(H)-VP16 or the recombinants of Su(H) and Wg due to pronounced early larval lethality. To increase viability, they were cultured at temperatures between 16 and 188C.
Su(H) SF8 clones were induced using the FLP/FRT technique as described (Xu and Rubin, 1993) by heat shock for 2 h at 358C at 24-40 h after egg deposition. The p-myc marker was induced 45-60 min before dissection by a heat shock for 1 h at 378C (Nagel et al., 2000) .
Expression analyses
In situ hybridization with PCR-amplified DNA fragments of sd, sno and wg genes was carried out following the protocol of de Celis et al. (1996) , as was staining with antibodies. The following antisera were used: mouse antiCut (1:25) (developed by G. Rubin, obtained from the Developmental Studies, Hybridoma Bank maintained by the University of Iowa, Department of Biological Sciences, Iowa City, IA 52242, USA), rat anti-Hairless B (1:800; Maier et al., 1999) , rabbit anti-Sno (1:50; Majumdar et al., 1997) , rat anti-SuH (1:2000; Gho and Lecourtois, 1996) , mouse anti-Wg (1:100; Neumann and Cohen, 1996) , rabbit anti-Vg (1:20; Williams et al., 1994) and mouse anti-Myc (1:3; Santa Cruz Biotechnology). Antisera were gifts from D. Maier, U. Banerjee, F. Schweisguth, S. Cohen, and S. Carroll, respectively. Secondary antibodies (1:200), coupled to DTAF, Cy3 or AP, were purchased from Jackson Laboratory. Samples were mounted in Vectashield (Vector Laboratories) and analyzed on a Zeiss Axiophot or on a Zeiss Axioskop linked to a Bio-Rad MRC1024 confocal microscope. Adult wings were dehydrated in ethanol, mounted in Euparal (Roth) and documented on a Zeiss Axioskop. Pictures were mounted using CorelDraw software.
Analysis of protein interactions
Protein-protein interactions were analyzed using the Brent yeast two-hybrid system (Gyuris et al., 1993) . Full length cDNAs from sno, vg and sd were amplified from a cDNA library (kindly provided by U. Walldorf) and subclones verified by sequencing. They were cloned into pEG and pJG (sno, vg) and into the pJG vector (sd), respectively and controlled by sequencing. The ability of each construct to produce protein of the correct size was verified on Western blots using antibodies directed against HA (Roche) or LexA (Clontech). The other fusion constructs were kindly given to us by D. Maier (pEG-H) and S. Artavanis-Tsakonas (pJG fusions with Su(H), ICN1 and ICN2) (Matsuno et al., 1995) . Transfection and screening of yeast cells as well as the quantitative b-galactosidase assays was performed as described previously . Quantitative measurements were done only on those combinations that tested reproducibly positive on X-Gal plates, except for the control.
Co-immunoprecipitations were performed essentially as outlined in Harlow and Lane (1999) . Protease inhibitor cocktail (Complete mini; Roche) was added to all buffers according to the manufacturer. Briefly, about 400 wing imaginal discs were dissected in ice-cold phosphatebuffered saline (PBS) from third instar wandering larvae and homogenized in 100 ml IP-buffer (150 mM NaCl, 0.1% SDS, 50 mM Tris, pH 7.5) plus 1% Triton X-100 and incubated for 30 min on ice. After 10 min high speed centrifugation, 900 ml IP-buffer and 20 ml antibodies direc-ted against either Vg (Williams et al., 1994) , Sno (Majumdar et al., 1997) or Mam as unrelated control (gift from B. Yedvobnick; Bettler et al., 1996) , were added to the supernatant and incubated overnight at 48C. Protein G sepharose beads (50 ml, Roche) were added. After 2 h incubation at room temperature, the precipitate was collected, washed three times with 500 ml IP-buffer and finally twice with 10 mM Tris, pH 7.5. The beads were collected by slow centrifugation, 20 ml sodium dodecyl sulphate-(SDS)-loading dye added and loaded on a 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) after boiling for 5 min. After transfer onto nitrocellulose, the Western blot was incubated with respective antisera. Total protein extract from embryos was used for comparison (Maier et al., 1999) . Secondary antibodies, coupled with alkaline phosphatase (Jackson Laboratory), were used at 1:200 dilution; detection was with NBT and X-Phosphate (Harlow and Lane, 1999) .
